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ABS^StACI 


InTamatlon  Is  givea  oa  tha  part  played  by  the  sun, 
earth's  stirfaee,  and  atnospbere  In  the  heat  balance  of  our 
planet.  Following  a  general  survey  of  solar  and  terrestrial 
radiation,  the  esdsslTlty  and  reflectivity  of 

various  terrestrial  features  (clouds,  land  masses,  oee&ns), 
an  estimate  Is  made  of  the  planetaty  radiation  received  by 
a  satellite  radlcneter  In  five  spectral  channels  covering 
the  ultraviolet,  visible,  and  InfSered  spectral  regions. 

The  wavelengths  and  purpose  for  selecting  each  of  the 
channels  la  glven;M>avt 


1)  0.2  -  5.5y 

2)  8-30- 


^-0.75 

-  6.9 


aiJhums  (total  albedo  of  the  earth) 
mlcrohi^'i total  aalsslon  from  the  earth) 
microns  xCsufftee^  and  cloud  emission) 
microns  f cloud  coVer) 
microns  (tropopause  tenlperature ) 


The  slgi»l>to-nolse  ratios  associated  with  the  received 
rvdlatlon  In  each  channel,  using  boloneters  such  as  those 
in  TIROS  IX  and  113^  are  included. 
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RADIAnOU  FRCM  PLXJET  EARTH 


nnaoDucTioii 

The  advent  of  artificial  earth  aatellitee  has  made  possible  the  de¬ 
tailed,  direct,  rapid,  vide  coverage  measurement  of  terrestrial  and 
reflected  solar  radiation  to  space.  A  suitable  radiometer  orbiting  the 
earth  can  be  'jsed  to  Aeterr.ine  such  phencoena  as  the  albedo  of  various 
j';r-;.lo:is  cjf  ^the  earth's  surface  £uid  clouds,  the  seif-enission  of  the  earth's 
r.srface  and  atmosphere,  cloud  cover,  ftrid  tropopause  temperatures.  To  do 
:.'ai3  the  radiation  received  by  the  satellite  radiometer  must  be  divided  into 
lifferent  spectiai  regions.  Ve  shall  divide  the  radiation  into  five  regions 
/!•  channels  vlth  a  separate  detector  (bolometer)  for  each  channel  as  was 
done  for  the  radiometer  used  in  TIROS  II. ^  The  waveleng'-h  ranges  and 
immediate  purpose  of  each  channel  is  listed  below. 


(1) 

0.2  -  5.5 

microns 

(total  earth  albedo) 

(2) 

3-30 

microns 

(totax  emission) 

(3) 

8-12 

microns 

(surface  cloud  emission) 

(1*) 

0-55  -  0.75 

microns 

(cloud  cover) 

(5) 

5.5  -  0.9 

microns 

(tropopause  temperature) 

H-e  reason  for  uslTig  these  spectral  regions  for  the  purposes  mentioned  Is 
explained  in  the  discussion. 

To  intelligently  Interpret  the  wealth  of  information  anticipated  by 
such  satellite  radiometers  it  is  essential  to  understazid  the  contributions 
made  by  the  sun,  earth's  surface, and  atmosphere  in  the  five  spectral 
regions  through  ^ich  the  radiometer  receives  the  radiation.  This  report 
will  supply  both  general  information  on  solar  and  terrestrial  radiation  and 
details  on  the  amount  of  radiation  which  should  be  received  in  each  of  the 
five  spectral  regions. 


hl^CUSSION 

Heat  Balance  of  the  Earth 

As  is  well  known,  +he  si’n  Is  the  priL'®r”’  source  of  enc  ^  for  the 
earth.  Our  planet  rec  ;lve3  a  ntinuous  suopl>'  ot  l.lo  x  10^*  watts  of 
power  from  the  sun.  O'  this  anyuim  65i  is  absorbed  by  the  earth's  surface 
and  atmosphere;  the  renatning  is  reflected  back  to  space.  The  solar 
irradiation  at  normal  incidence  Just  outside  the  atmosphere  at  the  mean 
solar  distance  (92,900,000  miles)  is  called  the  solar  constant,"^  and  is 
O.lU)  watts/cm^  or  2.00  cal/cn^/ minute.  The  varying  solar  distance 
throughott  the  year  causes  the  irradiation  to  change  by  as  much  as  3.3^ 
from  the  mean.  Solar  activity  can  produce  'luctuations  of  X.3$  in  the 
solar  constant.  In  addition  to  these  relatively  small  variations,  the 
amo’int  of  solar  .adiatlon  that  reaches  a  partic  lar  portion  of  the  earth's 
surface  vailes  with  the  solar  angle  'Z.  elevation  and  atmospheric  conditions. 


Xe  the  at2u:sphere  vere  completely  transparent  to  solar  radiation  the 
Irradiation  H  on  a  horizontal  element  of  area  on  the  earth's  surface  could 
be  expressed  as 


S  COS0  I 


(1) 


r  K  mean  earth- sun  distance 

01 

r  ■  actual  earth-sun  distance 

0  >  solar  zenith  (complement  of  solar  elevation  angle) 

S  >  solar  constant. 

For  a  ccmpletely  transparent  atmosphere  the  region  with  the  largest  midday 
irradiation  would,  not  necessarily  receive  the  largest  amount  of  energy  over 
the  course  of  a  cay.  In  fact,  at  the  summer  solstice  In  the  aorta  latitudes 
the  North  Pole  with  its  2k  hours  of  daylight  would  receive  the  maximum 
daily  insolation.*  Ibis  is  not  actually  the  case,  however,  since  the  at- 
aospbere  is  less  transparent  to  solar  radiation  at  larger  zenith  angles. 

This  subject  Is  discussed  further  in  the  next  section. 

The  spectral  distribution  of  solar  radiation  resembles  that  of  a 
blackbody  at  5800“K.  Over  99f>  of  solar  radiation  is  contained  la  the  wave¬ 
length  region  between  0.2  and  microns.  The  earth's  surface  radiates 
like  a  blackbody  also,  but  at  a  much  lower  temperature  (between  about  220°K 
and  320°K  depending  on  the  geographical  location  at  the  time).  Even  at  a 
temperature  of  320°K,less  than  kf,  of  the  earth's  surface  radiation  lies 
below  5.?  microns.  In  addition,  some  of  this  radiation  is  absorbed  by  the 
itaosphere.  The  atmosphere  emits  radiation  to  space  almost  like  a  black¬ 
body  at  temperatures  which  are  generally  lower  than  that  of  the  surface. 

Ik.  is  therefore  not  difficult  to  distinguish  between  terrestrial  and  re¬ 
flected  solar  radiation. 

'Bie  atmosphere  plays  a  dcminant  role  in  the  energy  which  is  radiated 
to  space  because  of  its  scattering,  refleotiog  (by  clouds),  -adlatlng,  and 
selective  absorption  properties  it  absoros  -jhvu.  17.4  ani  scatters  or 
reflects  out  about  31^  of  solar  .'uliation.  An  additional  is  reflected 
back  to  space  by  the  earth's  surface.  Of  the  outgoing  terrestrial 
radiation  (to  space),  comes  from  the  atmosphere;  14^  comes  directly 
from  the  earth's  surface.  These  are  average  figures  for  the  earth  as  a 


*Insolatloa  is  defined  as  the  solar  irrac.  'atlcn  at  the  earth's  surface. 
Including  both  direct  and  scattered  radiation.  Daily  insolation  is  the 
total  solar  energ  received  per  unit  .lorlzcntal  area  over  the  course  of 
2k  hours. 
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whole,  assuming  a  mean  cloud  cover  of  The  major  Rlmosiiherlc  absorber 

of  Infrared  ladlatlon  Is  water  vapor.  Carbon  dioxide  and,  to  a  lesser 
extent,  ooone  also  absorb  In  the  Infrared  region.  Althou^  there  are  many 
other  atmospheric  absorbers  they  are  relatively  unimportant  for  our 
purposes  here . 

In  the  absence  of  clouds,  the  atmosphere  transmits  radiation  in  cer¬ 
tain  spectral  regions  with  little  absorption.  These  regions  are  called 
atmospheric  windows  and  will  be  discussed  in  more  detail  later.  Even  when 
no  clouds  are  present  the  atmosphere  is  opaque  to  siurface  radiation  except 
!ii  '.he  6-13  nicroa  viadov.  Within  this  window  there  exists  a  strong  but 
.CiTi-o'..-  oscne  absoiption  b*.nd  which  does  not  ’•adlcally  change  the  total 
amount  of  ener^  passing  through. 

A  summary  of  the  heat  budget  of  the  eeurth  is  given  in  Table  1.  The 
incoming  solar  radiation  which  is  averaged  over  the  entire'  surface  of  the 
earth  is  35*Cnw/cm2  or  S/a.*  From  the  table  it  can  be  seen  that  the 
earth's  surface  emits  more  radiation  than  the  earth  receives  from  the  sun. 
However,  most  of  the  surface  radiation  is  absorbed  by  the  atmosphere  and 
reradlated  back,  similar  to  the  action  of  glass  In  a  t^eenhouse  which 
passes  solar  radiation  but  is  opaque  to  the  long-wave  earth  radiation. 

The  value  for  evaporation  stown  in  Table  1  is  based  on  a  global 
mean  precipitation  of  100  cm  per  year.  The  method  of  computation  is  shown 
in  Appendix  4.  The  value  listed  for  eddy  currents  was  found  Indli-ectly  by 
equating  the  total  outgoing  and  Incoming  (absorbed)  surface  radiation. 

Some  of  the  long- wave  atmospheric  radiation  striking  the  earth's  surface 
is  reflected  back  (the  earth  has  a  mean  absorptivity  of  .93  in  the  long 
wave  region).  However,  nearly  all  of  this  reflected  radiation  is  absorbed 
by  the  atmosphere.  The  atmospheric  radiation  to  the  earth’s  surface  shown 
in  the  table  is  the  net  value.  The  other  values  shown  in  Table  1  are 
discussed  in  greater  detail  in  the  following  sections. 

Solar  Radiation  and  Beflection 

1.  Variation  of  Insolation  with  latitude 

The  direct  solar  spectral  irradiation  (power  per  unit  wavelength 
per  unit  area)  on  a  horizontal  portion  of  the  earth's  surface  \dien  the  sun 
is  directly  overhead  (9  «  O)  ceui  be  expressed  by 


m 


E.  (0)  dA  - 


dA 


(2) 


*If  r  is  the  radius  of  the  earth,  then  the  solar  radiation  intucepted 
by  U'.*  eai'th  is  xr^S.  Since  the  surface  area  of  the  earth  is  Vxr*^  the 
average  solar  irradiation,  taken  over  v  e  etrth's  surface  is 


s 

t: 
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?ArI£  I 

HEAT  BUDGET  OF  THE  EARTH 


PUtCETARY  EAUi:CE 


PXZPAGE  D.T;»m3G  RA-IATIOH 


35*0  nw/’cm 


PIAHCTAKY  RADIATIOW  to  SPACE 


Scattered  or  reflected  by- 
atmosphere  10-9 

Reflected  by  surface  1-3 

Direct  radiation  by  surface  3-2 
Radiatiid  by  troposphere  l3.6 

Radiated  by  stratosphere  1.0 

35.0 


SURFACE  BAIARCE 


RADIATIOIT  ABSORB  UP  BY  SURFACE  VIA 

Direct  Solar  radiation  8-7 

'^cnsmiosion  through  clouds  li.9 
Clear  atmospheric  scattering  1.8 
Atmospheric  radiation  ’2.3 

tti? 


HEAT  LSAVna  SURFACE  VIA 

Surface  emission  3d 

Evaporation  (latent  heat 
transfer)  7.^ 

Eddy  currents  (tiutulence)  1.0 


ATMOSPHERIC  BALAireS 


HEAT  .ABSORBED  SY  AIR  VIA 

ATMOSPHERIC  RADIATION  TO 

Solar  radiation 

"pace 

a.  -troposphere 

5.2 

a.  -troposphere 

18.6 

b .  atratesphere 

1.0 

b.  stratosphere 

1.0 

0.  clouds 

1.2 

Earth's  surface 

32.3 

Surface  emission 

35.7 

5179 

Evaporation 

7.8 

Eddy  currents 

1.0 
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KOTEj  f’-rrbers  shown  are  average  valuer  in  nv/cv?  assuming  a 
mean  cloud  cover  of  5L%  and  a-rurface  albedo  of .90. 


vhere  is  the  zenith  atsasspherlc  transniissivity  at  wavelength  S^is 
the  mean  solar  spectral  irradiation  at  \  just  outside  the  atmosphere  <  The 
solar  constant  is  related  to  by 

S  -  J'  Sj^  d\.  (3) 

For  solar  zenith  angles  greater  than  o  the  direct  spectral  irrs.diation  at 
sori'ace  is  closely  approximated  by 

r~ 

(^)  dX  =  COS!?  d\  T  (•*) 

where  q^  is  the  monochromatic  transmission  through  the  atmosphere  at  zenith 
angle  9  and  is  related  to  q^^  by 

\  ”  <1X0  » 

where  m  is  the  optical  air  mass.  If  9  is  not  close  to  90*'  and  the  portion 
of  the  earth's  surface  la  at  sea  level,  then 


m  <■  seed.  (6) 

The  value  of  m  given  by  £q.  (6)  is  called  the  uncorrected  air  mass.  '«/hen 
9  is  greater  than  about  7?  a  corrected  air  mass  figure,  given  in  Appendix 
1,  should  be  used.  Except  there  otherwise  mentioned,  we  shall  assume  that 
9  is  small  enough  so  that  Eq.  (6 }  may  be  used  with  little  error .  If  the 
s’urface  is  not  at  sea  level  then 


m  seed  , 
0  ' 


(7) 


vhere  m  is  the  optical  air  os  for  the-  reniii.  path  from  the  surface  to 
space . 

The  total  direct  solar  irradiation  for  zenith  angle  9  can  be  found  by 
integrating  over  all  wavelengths! 


H  (d)  -  cosd  q^ 


d\. 


(3) 
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Inte^ation  of  H  (0)  with  respect  to  tine  over  the  course  of  a  day  gives  the 
daily  direct  beam  Insolatlcn  4^; 

SUIBSF 

Qjj  -  y'  H  (a)  dt  .  (9) 

SUHRISE 

•  ctirves  of  Q_  as  a  function  of  latitude  and  tine  of  year  for 

,,  •  C-7  can  be  found  in  reference  3- Owing  to  t**®  that  r  Is  larger 

:  D  mg  the  north  sisnaer  than  during  the  south  sinner,  the  Southern 
"^nlsphere  receives  almost  7^  more  solar  radiation  on  DecenOier  22  than  the 
.ivjrtbem  Hemtsi^ere  receives  on  June  22.  In  the  absence  of  an  atmosphere 
the  North  Pole  would  receive  the  maximum  dally  insolation  during  June  and 
July:  nowever,  because  of  the  atmosphere,  It  actually  receives  the  minimum 
In  the  Northern  Hemisphere.  ;ihe  maximum  dally  Inaolatlon  during  these 
months  occurs  betw  .en  30°  aid.  U0°  north  latitude. 

2.  Atmospheric  Depletion  of  Solar  Radiation 

nia  selective  natvire  of  atmospheric  absorption  at  sglar  radiation 
can  be  seen  in  Fig.  1.  nie  solar  radiation  eurva  for  9  ■  60°  Is  based  on 
values  given  In  Ref.  4.  Atmospheric  absorption  below  0.3  microns  is  due  to 
ozone,  oxygen,  and  nitrogen.  !nie  ozone  region  (ozonoaphere)  la  distributed 
mainly  between  altitudes  of  10  and  40  km,  the  strongest  ozone  concentration 
Vctrylng,  in  the  middle  latitudes,  between  a  low  of  about  13  km  in  late  winter 
to  a  hl^  of  about  30  km  In  late  summer.^  The  aa»unt  of  ozone  in  a  vertical 
column  varies  between  about  0.2  atm>cm»  to  0.4  atm-^.  On  the  average, 
slightly  less  than  three  percent  of  the  solar  radiation  Is  absorbed 

in  the  ozonosi^ere. 

Since  there  are  no  strong  absorption  bands  In  the  vlalble  region  of  the 
spectrum,  attenuation  of  solar  radiation  in  this  region  la  due  almost 
entirely  to  scattering  or  reflection  free  clouds.  Hare  than  half  of  this 
scurtered  radiation  reaches  the  surface  In  the  form  of  sl<y  light.  Because 
atmospheric  scattering  of  solar  radiation  Is  greater  for  the  shorter  wave¬ 
lengths  ,  more  of  the  blue  end  of  the  spectrum  is  scattered  out  of  the 
Incident  sunlight  than  the  red  end,  giving  the  sky  Ita  characteristic  color. 

The  greatest  amount  of  abac  'ea  solar  bsev^j  ..lea  in  the  infrared 
region.  The  Identities  of  soos  more  Intense  atmospheric  infrared 

absorption  bands  of  Importance  for  our  discusslm  are  listed  In  Table  2. 
Beyond  the  carbon  dioxide  band  centered  at  15  mlcrona  the  atmosphere  la 
practically  opaque  to  inft'sred  radiation  because  of  water  vapor 
absorption.  Between  l6  and  23  microns  there  exists  a  "dirty  window"  filled 


vThe  nimber  of  ata-em  la  the  length  In  centimeters  of  a  eoluon  of  gas 
at  nr?. 
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SOLAR  irradiation  AT  EAKTh’S  SuRPACI 


utmtmmuMmj€^^nmz7mf7Tamas=M‘.: 


»  r  •  t  10 

wavelength  (M.CPONi) 


flea  .  SolfT  ind  tflXT««trlal  radUtlon.  Xvflteted  »oJaj-  end  total  aarti  radiation 
to  apnea  Tnlnaa  ihould  ba  dmdad  by  TT  to  obtain  t..a  radlanea  for  aach  ca—  »  j, 
tba  anrfaea  tamparetura  and  it  tba  affaet'Ta  rad;  .tln«  air  tartparatnra.  ’ 

T 


TAELE  2 

EJnURED  ATMOSPHERIC  ABSKOTIOH  BANDS 


Absorption  Wavelength 

Pet-1.,  (microns) 

Identity  of 
Absorber 

Relative 

Intensity 

.72 

HgO 

medium 

.76 

O2 

strong 

HgO 

strong 

1.13 

strong 

1.33 

H,0 

strong 

1.37 

y 

strong 

.i.Oi 

CO, 

medium 

2.05 

CO, 

medium 

2.c6,  2.7** 

HgO 

strong 

2.69,  2.77 

C03 

3.17 

H,0 

im 

1*.26 

CO2 

strong 

6.3 

H.0 

strong 

9.6 

O3 

strong 

CO2 

strong 

with  naay  water  vartor  absorptioa  lines.  Transulssloa  data  in  this  region 
sre  Included  in  a  report  by  Yates  and  Taylor^  ^o  made  neasurements  In  the 
infrared  region  between  the  visible  and  25  microns.  ?ram  the  data  shown  In 
the  report  it  appears  that  transmission  5n  the  l6  to  23  micron  region  can 
be  ignoreo  when  dealing  with  preclpltable  water  paths  greater  than  about 
1  v-q.  Because  of  the  sun’s  spectral  distribution,  the  amount  of  solar 
energy  absorbed  by  the  atmosphere  in  the  spectral  region  beyond  5  microns 
is  relatively  small.  This  is  not  true  for  atmospheric  absorption  of  earth 
surface  radiation. 

Oust,  smoke,  and  salt  part;  'es  also  absorb  (and  scatter)  solar 
radiation.  The  amount  of  ab3orpv..oa  Is  variable  bv^  usually  not  very  great 
except  'When  the  sun  Is  near  the  horizon.  Houghton'  accounts  for  depletion 
of  solar  radiation  by  ^ust,  smoke,  and  salt  particles  by  assuming  a  dust 
transmission  of  (0.95)  >  where  nt  Is  the  optical  air  mass.  This  transmission 
expression  Includes  the  effects  of  both  absorption  and  scattering.  Of  the 
total  dust  depletion  of  solai-  radiation  London'^  assumes  that  l/b  is 
absorbed,  x/4  Is  scattered  back,  and  l/2  Is  .mattered  forward.  A  large 
portion  of  solar  radiation  scattered  by  an  ut'  'louded  atmosphere  is  caused 
by  Rayleigh  sertte  ing,  which  Is  highly  vavelengt'  dependent  (the  scattering 
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coefficient  la  Inversely  proportional  to  the  fourth  power  of  the  uavelen^h). 
nils  phenomenon  exists  ^en  the  aerosol  particle  size  is  much  smaller  than 
the  radiation  iravelength.  Fartlcle  diameters  less  than  l/lO  vavelen^h  are 
sufficient  to  allow  use  of  Raylei^^'s  scattering  formula,  according  to 
which  the  intensity  of  the  scattered  radiation  Is  proportional  to 
(1  cos%},^ere  A  Is  the  angle  between  the  scattered  and  incident 
directions.  For  Raylel^  scattering,  therefore,  the  total  radiation 
scattered  in  the  forward  direction  is  equal  to  the  total  radiation  scattered 
backward.  Rayleigh  scattering  occurs  for  all  small  particles  (compared  to 
the  wavelength)  Including  air  molecules.  As  the  particle  size  approaches 
the  wavelength,  the  Rayleigh  theory  breaks  down  and,  among  Other  changes, 

Che  scattering  becomes  mors  directional  in  favor  of  the  forward  direction, 
for  water  droplets  (which  are  about  as  large  or  larger  than  wavelengths 
considered  here)  Lo^on°  assumes  three  times  more  scattering  forward  than 
backward.  We  shall  assume  that  of  the  solar  rails tiwu  scuCtered  by  all 
constituents  of  a  cloud'free  atmosphere  about  is  s .  ^.ttered  back  to 
space,  on  the  average. 

A  scbeoatlc  summary  of  atmospheric  depletion  of  solar  radiation  is 
shown  in  Fig.  2.  Incident  solar  radiation  averaged  over  the  entire  surface 
of  the  earth  is  taken  as  100  units  (equivalent  to  33  mv/cm^).  Included  in 
the  diagram  are  absorption  and  reflection  values  at  the  earch's  suri'ace.  Z:.^ 
numbers  shown  are  average  values  integrated  over  all  angles  (during 


Fig.  2.  Depletion  of  solar  radiation,  (a)  Clear  sky  condition, 
(b)  Average  overcast  condition,  assuming  a  mean  cloud  albedo  of 
0.35<  Circled  numbers  Indicate  bsorptiou;  uncircled  numbers 
indicate  scattering  or  reflection.  Dashed  llxies  signify 
scattering.  The  mean  surf ice  albedo  is  assumed  to  be  .10. 

To  average  over  all  weather  condltionb  multiply  tropospheric 
figures  shown  in  (a)  by  and  in  (b)  by  .^4. 
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Albeio  01'  the  Earth 


Albedo  Is  a  tera  used  to  describe  the  reflecting  pover  of  a 
•  tody  or  portion  thereof.  Since  the  reflectivity  of  a  saterial  is 
y  •■•Si-.-elen.jth  aetendont  it  is  not  unusual  to  find  differing  albedo 
.r.  the  'oltraviolet,  visual,  and  infrared  regions  of  the  spectrum. 

.1  albaio  is  defined  as  the  ratio  of  the  total  power  (over  all 
-hs)  reflected  to  the  total  incident  power.  Since  the  reflectivity 
■face  also  ie penis  upon  the  angle  of  incidence,  the  albedo  of  a  flat 
••■ill  not  be  the  sa-te  ns  that  of  a  sphere  y-a.'ie  of  the  same  material, 
•e,  ti:e  tern;  spherical  al-bedo  is  used  when  referring  to  a  planet  as 
t;  .Llstir.gulsh  it  fren  the  reflecting  pover  or  albedo  of  a  portion 
i_=.;;et.  ;  ir.ee  the  satellite  radiometer  ve  have  in  laind  views  a 

ly  s.nall  portion  of  the  earth  at  .jny  instant,  it  is  important  to 
.;-.i  this  di;  ferensa.  Unless  otherwise  specified  the  albedo  of  a 
(prass,  sand.  etc.  5  means  the  total  plane  albedo  at.  iioronl  incidence, 
r  aloeios  of  various  terrestrial  features  is  given  :  t  Table  3»  Tb« 

.1  albedo  values  ru'e  b-sed  tn  the  simplifying  assumption  that  water 
.as  are  (or.  a  lai*ge  soalr.'  everj.;-  distributed  about  the  earth.  Since 
ric  scatter l.'.p  iscreases  ••Itl  .increasing  wavelength  it  is  not  sur- 
to  fi.-a  that  th-  —traviolet  .spherical  albedo  is  the  largest  and  the 
.  the  smalls."  c:’  tr.e  tsree  spectral  albedos  shown  in  Table  3(a)*  In 
.,  selective  absorption  cy  the  surface  and  atmosphere  further  reduces 
e  of  the  infrared  albedo. 


TABI£  3 

.AISEECS  OF  VmIOVS  £Ai?TH  FElXTUffiS 


M  f 

•  «  '.A 

ALSED’D 

MAiTSHLAL 

ALBEDC 

0r3S3 

.1!*  -  .37 

forest,  Green 

.03  • 

Earth,  Dr;.* 

Sea  ’..ater,  Average 

.09  S 

Earth,  '■•et 

.00  •  .09 

Whole  Surface,  Av. 

.10  s 

Ecuid  (Desert) 

.21  -  .20 

Whole  Earth,  UV 

.50  s 

Sr.cv,  Fresh 

.80  -  .90 

Whole  Earth,  Visible  .10  S 

Inov,  Cla 

.15  -  *70 

Whole  Earth,  IH 

.28  S 

30  xZ 

.12  -  .15 

Whole  Earth,  Total 

.35  s 

Solar  Eenith  .;.ncle 

(Deg)  0 

10  50  60  70 

60  35 

Albedo 

.03 

.03  .04  .0-3  .12 

.25  .10 

(a)  Albedos 

of  c  outer,  tj' 

•pes  of  leni  surfaces 

,  sea 

.10 


•■ater,  eni  the  earth  as  a  whole,  including  the  atmosphere.^ 
T.'.e  letter  0  after  the  auterical  value  Indicates  spherical 
alb.»r.o.  (b)  Albedo  of  see  water  as  a  function  of  the 
solar  zenith  angle.^3 
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Albsdc.  neasureaents  of  sinall  sections  of  the  earth  taken  vith  the 
r-iioaeter  vlll  '.•ary  noticeably  as  the  satellite  orbits  the  earth.  In 
addition  to  the  '/ariable  surface  albedo  there  is  a  very  •..'ide  ran^e  ;f  cloud 
albedos,  deoendiny  on  drop  site  distribution  .and  liquid  •-'ater  content.  Tae 
variation  in  albedo  for  different  cloud  t^-pes  is  shov.-n  in  Table  Althox^d" 
an  albedo  of  0.55  -'as  observed  in  a  fe-.’  instances  it  seeaa  to  be  the 
exception  rather  than  the  r-ule.  The  average  albedo  for  strotus  clouds  ncre 
clior.  1,CX'  feet  thick  vas  found  to  be  sli^htl:,-  less  than  0.70.  .'.verasiOi 
over  all  c.louds  Frit-'  estirates  the  nean  cloud  alceio  to  be  0.55. 

.te it  ir£:e:~ ■  found  a  r.ean  stratus  cloud  absorptivity  cf  about  0.0?.  This 
Iv  -3  a  r.-.oan  cl.^ud  dif 'use  transnissivity  of  apprcxLT.ats-1;.-  io-j.  Fluct’ua- 

03  be  n'eat.  For  a  ;  • iculariy  larpe,  dense  cloud 


-  ^  c  ‘-i  r. 


1.^  ccssic^ie 


have  a  diffuse  trtnonissivit 


a  fev  jercent. 


TAriU.  u 
CLOUD  AI32DC5  , 


i,'  *  **r 

CLC'UD  TYPE 

ALBEDO 

Very  large,  dense  clouds 

.75 

(visible  light) 

Dense  oicuis,  quite  opaque 

.55  ■ 

*  • 

lier.se  clcuis,  nearli’  opaque 

.Li* 

Thin  clouds 

•  3-  • 

■  .40 

Fritz  (total 

Stratccunuius,  overerst 

.5u  -  -51 

radiation, 

Altostratus,  occasional 

extensive 

breaks 

.17  -  .55 

systeas ) 

Altostratus ,  overcast 

-  .59 

Cirrostratus  and  altostratus 

Cirrostratus,  overcast 

,H-t  •  ^50 

(  b 


STRA.TU3  CLOUD  THICtSHloo  (FEgT.. 

''•reater  than  1,000 
500  -  1,000 
Less  tb^  500 


l'-.!i'0n  CF  AI3n503 

.oO  •  .c5 
.40  -  .70 
.10  “  .50 


(a)  Average  albedos  of  various  cloud  tv’pes."’* 

(b)  Variation  in  axbedo  for  stratus  clouds  of  different 
thicknesses. 

Terrestrial  Radiation 

1.  Variatiou  with  Latitude 

Simpson' s -^5,10  computations  for  the  terrestrial  radiation  to  space 
at  various  latitudes  is  sheen  in  Fig.  ; .  At  tne  tine  Oinpson  aade  his 
calc'ilrtions,  little  accurate  infonsatio.”  existed  on  the  ebsorption  spectrun 
of  water  vapor;  however,  the  c'urves  of  F.j.  i  are  prcfcabl:/  not  very  far 
froo  the  truth.  The  curve  for  clear  sky  .ondition  decreases  •.’Ith  increasing 


Latitude  as  expected, since  surface  temperature,  on  the  average,  decreases 
-ith  increasing  latitude.  For  overcast  coaditioas,  essentially  no  surface 
raaistlon  goes  directly  to  space  because  it  is  absorbed  by  the  atmosphere. 
Under  these  conditions  most  of  the  radiation  to  space  ccaes  from  a  level 
somewhat  below  the  tropcpause  (tropopause  temperature  increases  with  in¬ 
creasing  latitude).  In  the  polar  regions  it  was  assumed  that  clouds  make 
little  difference  since  they  have  approximately  the  sane  temperature  and 
emisslvity  as  the  earth's  siorface. 


10  20  30  i*0  =0  60 


Fig.  3«  Terrestrial  radiation  to  space  as  a  function  of 
latitude.  The  latitude  scale  Is  chosen  so  as  to  giye  equal 
weight  to  areal  belts  about  each  line  of  latitude 

2.  Surface  Radiation  and  Atmospheric  Absorption 

As  can  be  seen  from  Table  5,  all  sizeable  portions  of  the  earth's 
surface  rgdlate  like  blackbodles.  Surface  temperatures  vary  from  a  low  of 
au'iut  220“k  to  a  high  of  about  320°K.  The  temperature  of  the  stratosphere 
varies  from  about  190°K  over  the  equator  to  220  a  over  the  poles.  Except 
for  the  3-13  micron  window,  the  atmosphere  is  essentially  opaque  to  surface 
radiation.  V.'ithin  this  window  there  is  a  small  amount  of  o^one  absorption 
centered  at  9.6  microns.  Foi  '."•uplete  ov.  rc..: :  mditlcns  even  the  3-13 
micron  window  is  closed  to  sur  radiaticu. 

The  8-13  micron  window  is  bounded  by  water  vapor  absorption  on  the 
short  wavelength  end  and  carbon  dioxide  on  the  long  wavelength  side.  Carbon 
dioxide  is  fairly  'uniformly  distributed  in  the  atmosphere  (.03jt  by  volume), 
decreasing  slightly  with  altitude.  This  uniformity  does  not  hold  for  water 
vapor,  which  over  Kcrth  America  varies  in  v  rtlcal  depth  ftoa  a  low  of  1  or 
2  an  of  precipltable  water  during  winter  to  a  high  of  60  or  70  pr.  mm  during 
the  summer. Cnee  the  water  vapor  absorption  bands  Inside  the  3-13  micron 
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vlndov  are  fairly  weak,  the  decrease  in  transmission  vlthin  this  vlndow 
due  to  absorption  is  not  a  fast>novlng  function  of  the  preclpltable  water 
path.  However,  high  humidity  is  ideal  for  formation  of  water  droplets  which 
appreciably  Increase  the  scattering  of  Infrared  radiation. 

TABIE  5 

EMISSIVITIES  OF  VARIOUS  TERRESTRIAL  FEATURES 


MATERIAL 

EMissivirr 

Grass 

.96 

Earth,  Dry 

.90  -  .95 

Earth,  Wet 

.98 

Desert 

.89  -  .91 

Snow 

.995 

Water 

.92  -  .93 

Whole  Surface,  Average 

.93 

NCTTE:  The  teoperatinre  of  the  surface  is  assumed  to  be  between  220 
and  320°K. 

If  the  earth's  surface  is  assumed  to  have  a  mean  surface  temperature  of 
293"K!  and  an  emissi'rity  of  .93>  then  the  radiation  which  leaves  the  ground 
is  30 *9  mw/cm^.  ihls  figure  is  found  simply  by  use  of  the  Stefam-Boltzmann 
lav,  which  is 


W  -  eff  T*^ ,  (10) 

where 

W  ■  Radiant  emittance  (power  per  unit  area) 

e  s  emlsslvity 

T  «  absolute  temperature 

V  m  Stefan-Boltzmann  constant  *  5»672  X  10“® 

However,  the  atmosphere  even  .ier  cloudJe':^  conditions  permits  only 
about  18^  of  this  radiation  to  reach  space  (see  Appeniit  2).  Therefore, 
about  7«0  nrw/ca-  reaches  space  when  no  clouds  are  present.  For  a  mean  cloud 
cover  of  the  average  surface  emission  that  penetrates  the  atmosphere  is 
only  3*2  mw/cm2.  The  remaining  35.7  nw/co“  'Jhlch  comes  from  the  earth's 
surface  is  absorbed  by  the  atmosphere,  on  the  average. 

3.  Self-Baission  by  the  Atmosphere 

Water  vapor  is  the  major  source  of  Ic  g-wave  radiation  to  space. 

In  the  lower  atmosphere  it  radlater  i/ith  relatively  high  emissivity  and  a 
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/'airlo-  -..T-i-ii  -ivera^e  teaperature,  but  most  of  the  outward  bound  radiation  lo 
er  sorbed  rr.a  reradiated  by  prosressively  rarer  and  cooler  water  vapor. 

Above  the  tropopause,  emission  by  water  vapor  is  small.  The  apparent  water 
vapor  radiance  as  measured  by  a  satellite  radiometer  should  be  the  same  as 
that  of  a  blackbony  at  a  temperature  which  is  equal  to  the  upper  troposphere 
temperature . 

If  we  take  .35  as  the  mean  total  planetary  albedo,  then  655^  of  solar 
raciation  is  absorbed  by  the  earth's  surface  and  atmosphere,  on  the  average, 
''ir.oi  •’•.e  global  mean  temperature  has  changed  very  little  over  the  last 

it  io  safe  to  acoume  that  all  the  solar  energy  absorbed  is  radiated 
t  t-  speoe  (but  in  a  different  wavelength  region).  Therefore,  the  average 
^ti-V,  pla-ietary  radiant  enittance  is  (.65)  (S/h)  or  22.8  mfcia^,  which  is 
“•'i  .-al  CO  the  total  radiant  emittance  of  a  blackbody  at  252°K  (equivalent 
...iC.-lody  temperature).  It  should  be  pointed  out  that  the  concept  of 
equivalent  blackbodj'  temperature  should  be  used  with  caution,  especially  if 
the  bcdj-  in  question  has  a  low  eaissivity  or  is  a  selective  emitter.  For 
-.>;<-a.plc,  it  is  nui,  safe  to  noxc.  (vitn  bare  nands)  a  polisL^j.  aluminum  sheet 
'cmlsslvity  a  0.1)  that  is  radiating  with  an  equivalent  blackbody  temperatiure 
cf  ?90°K  (17®C  or  cj2°F  ),  beca-.tse  the  actual  temperature  of  the  aluminum  is 
(U32OF). 

As  mentioned  earlier  the  stratosphere  absorbs  slightly  less  tnan  3^ 

:f  .••-oLar  irradiation.  If  the  stratosphere  is  in  over-all  radiative 
.  y:. librium,  it  must  have  a  mean  radiant  emittance  of  (.03)  (sA)  or 
1.0  mw/cm^.  This  radiation  is  due  to  carbon  dioxide  and  water  vapor  with  a 
small  contribution  by  ozone.  The  mean  long- wave  radiation  to  space  is 
-l.'idcd  un  as  follows;  mean  surface  radiation  -  3*2  mw/cm^,  stratosphere  - 
1.0  mw/cm^,  troposphere  -  l3.6  mw/cm^. 

Radiation  in  Five  Spectral  Regions 

1.  Region  O:";  0.2  -  $.5  tiicrons 

In  this  region  the  oiitgoing  energy  is  due  to  reflected  and  scattered 
solar  radiation.  The  contribution  from  the  portion  of  the  earth's  surface 
(assumed  to  be  a  d,lffuse  reflector)  within  the  detector’s  field  of  view  Is 


■  COS0  cos*  q^  q^  , 


(11) 


where 

»  apparent  surface  -diance  (povci'/area/solid  angle) 

0  »  surface  reflectivity 

S  ■  solar  constant  •  HO  mw/cm 

q^  =  mean  atmospheric  transmission  of  incident  solar  radiation 
for  sun  at  zenith  angle  9 

q^  »  mean  atmospheric  transmission  of  reflected  solar  radiation 
for  detector  zenith  angie  ♦. 
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Zenith  angles  9  and  4  are  measvzred  from  the  portion  of  the  surface  within 
the  detector's  instantaneous  field  of  view.  It  should  be  pointed  out  that 
the  look  angle  of  the  detector  (1.  e.,  the  angle  measured  from  the  vertically 
downwar  d  direction  at  the  detector  to  the  portion  of  the  surface  within 
the  detector's  field  of  view)  is  approximately  equal  to  *  for  small  zenith 
angles  only.  The  relationship  between  detector  look  angle  and  «  is 
discussed  in  Appendix  3. 

If  the  instantaneous  atmospheric  absorption  and  scatterirjg  coefficients 
arc  not  single-valued  functions  of  altitude  over  a  broad  area,  then  the 
transmissions  q.  and  are  dependent  on  azimuthal  angles  as  well  as  zenith  1 
angles.  Even  if  xhe  transmissions  were  not  dependent  on  azimuthal  angles,' 
would  not  precisely  equal  q^  when  9  »  4,  because  the  average  transmission 
over  a  spectral  region  containing  many  atmospheric  absorption-  lines  does 
not  follow  the  simple  exponential  absorption  law  for  a  single  isolated 
absorption  line.  However,  for  the  sake  of  simplicity,  "c  shall  assume  that 
the  mean  transmission  at  anj'  zenith  angle  |  can  be  expressed  with  a  fair 
degree  of  accuracy  by 

where 

q  ■  mean  transmission  at  ^  »  0 
0 

m  >  optical  air  mass  at  angle 

For  t  less  than  about  70°  or  73°  ve  can  express  m  in  the  same  form  given 
in  Eq.  (7), 


m  sec)j', 
o 


(13) 


where  m  is  the  mean  optical  air  mass  for  ^  ■  0. 
and  8ea°level  m  ■  1.  For  air  masses  at  angles  greater  than  about  73° 
Appendix  1. 


For  a  path  between  space 
see 


FTcm  Eq.  (11}  we  see  that  the  maximum  values  of  occur  at  *  ■  0  in 

those  reglon8(and  times)  where  p  is  high,  ®nih*  and  are  small.  However, 

except  for  certain  snow-cap* '.d  mountains.  ♦  '<‘■1  ''z>ts  not  normally  occur  at 
the  lower  latitudes  \dien  small.  Alao,  the  value  of  q^  near  sea 

level  is  generally  higher  in  regions  ^ere  Is  small.  For  a  snow¬ 
capped  mountain  we  shall  assume  that  p  ■  .83,  ^niln  "  4  >  0,  and 

q^  >  q^  B  .83  to  obtain  a  reasonable  maximum  value  of  for  the  earth's 
surface .  Therefore, 


*0 

the 


is  the  minimum  solar  zenith  angle  reached  during  the  course  of 
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"  *  27  nr-/cmVster  (snow  capped  mouataln). 

For  snow  at  sea  level  ve  shall  assume  that  p  ■  .85»  ■  55  j  ♦  *  0,  and  , 

=  .75  •  Hierefcre, 

N.  -  (.85)  ^  (.319)  (.75)^*^^ 

=  Ic-  nivr/ca~/ster  (snow  at  sea  level). 

Tne  lower- l:/-:ng  thick  clouds  generally  have  high  alV  ?os.  Very  thick 
c:lc.;ao  iiave  altcic-s  iu  the  neighborhood  of  .75  although  albedo*  as 
r.ii'h  as  .55  have  teen  recorded  in  a  few  instances.  Atmospheric  transmission 
if  .-si'isctei  solar  radiation  frcx  stratus  clouds  to  space  is  about  .85  (for 
t  Therefore,  K;,  for  very  thick  stratus  clouds  is  almost  as  high  as 

'cr  the  snow-capped  mountain.  Since  the  avercge  stratus  clo^id  has  an 
albedo  of  about  .55,  which  is  much  hi^er  than  that  of  most  of  the  earth's 
surfoice,  the  ahjority  cf  high  level  signals  received  in  region  one 

-  '■,.5  microns)  will  come  i'rom  clouds.  Table  6  shows  apparent  radiance 
Mi'-rs  for  various  types  of  s-urfaces  and  different  cloud  thicknesses  due 
to  reflected  solar  radiation. 

TAo  no-  8 

APPA-wi;.’!  R.;DIA:r£  VAUJSo  of  various  earth  surface  features 


FL^TUHS 

.RZFLECT1 

!  APPARTTT  RADIAiXE 

VITY  (mw/ca^/ster) 

Sno'-'-oappei  mountain 

•C;- 1 

27 

Snow  at  sea  level 

.85 

Id 

f.’sert 

.25 

6.3 

Earth 

.10 

2.5 

Rock 

.li* 

3.5 

«  .  •  V  V 

.06 

1.5 

’’r.T'.'r 

.0*. 

0.3 

Vor"  ’-hick  stratus  cicuis 

•  1  r* 

2k 

Average  stratus  clou-s 

.  * ‘7 

18 

.;,0 

13 

Ajp'U'e.-.t  iaiisnoe  Vcilues  cf  various  earth  s’jrface  features 
in  region  one  (C.:  -  :•>  microns)  due  to  reflected  solar 
rrdiat^cn.  Solar  cr.-r.  iotootor  tenlth  angles  are  assumed  to  ■ 
be  0  except  for  the  snow  at  sea  Igvt  feature  where  the 
solar  oc’.ilth  angle  Is  taken  as  g5°. 


Region  TVo: 


30  Microns 


In  this  region  the  radiation  received  hy  the  detector  will  be  due 
almost  entirel:/  ^o  the  self-enission  by  the  earth's  surface  and  atmosphere. 
The  radiation  received  from  any  portion  of  the  earth's  surface  is  confined 
to  the  3-13  micron  vindo«.  Assicning  the  earth's  surface  to  radiate  as  a 
graybody  with  an  eaissivity  of  .93  then  the  apparent  radiance  in  the  3-15 
cicron  region  under  clear  slsj'  conditions  is  given  by 


•93  c,  J  -jT- 


where 


11.9  for  in  mw/cn'^/ster 
1U,U00  micron-degrees  K 
wavelength  in  micrcns 


temperature  in  K 


>  atmospheric  transmission  at  wavelength  ^  for  0  zenith  angles 

m  optical  air  mass  (m  is  a  function  of  zenith  angle  »). 

Equation  (lit)  is  too  complex  to  be  treated  analytically.  However,  it  can 
be  approximated  -ithout  large  error  by 


L, 

h  -  ‘93  <i“  J 


— — 1  * 


where  a  is  the  mean  transmission  in  zhe  c  -  I3  micron  reg;’  .  *‘zr  0  zenith 
angle.  ^Figures  U  and  5  show  t.  apparent  ra.-:-.ance  values  i.n  the  3  -  13 
micron  region  as  a  function  of  v-cocctor  zenith  angle  for  various  earth 
surfaces  when  is  .75  and  .85, respectively. 

.  The  apparent  self- radiance  of  the  atmosphere  is  primarily  due  to  water 
vapor  (and  droplets).  Since  water  vapor  emissivity  is  a  function  of  the  , 
amount  of  preripltable  water  in  the  path,  the  apparent  radiance  of  the  at¬ 
mosphere  will  vary  with  detector  zenith  an*  e  «  However,  will  r.ct  vary 
rapidly  with  e.  For  a  water  path  of  onl;y  2  or  5  pr.  mm  the  average 
emissivity  in  thi .  region  (5  -  50  microns)  at  a  tempereture  of  is 

already  appreciable  (about  .5).  Thlc*.  dense  clouds  have  an  emissivity  of 
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ato'Jt  1  and,  therefore,  have  an  apparent,  radiance  e(iual  to  that  of  a 
portion  of  the  earth's  s-orfoca  which  is  at  the  same  temperature  as  the 
■-loud  top.  Since  clouds  are  usually  cooler  than  the  ground  below,  it  can 
be  expected  that  clouds  will  often  have  a  lower  apparent  radiance  than  the 
adjacent  ground  areas-  However,  the  reverse  is  true  for  those  conditions 
when  clouds  are  warmer  than  the  ground.  In  general,  the  difference  in 
radiance  between  cloud  and  ground  should  be  small,  although  in  extreme 
cases  the  ground  can  have  twice  the  radiance  of  a  dense  cloud. 

order  to  obtain  a  caxiatmi  unclouded  atmospheric  radiance  value  we 
r...’  L  that  over  the  warm  regions  of  the  earth  the  atmosphere  radiates 

.  '  gr.oy'oody  at  170”K  with  an  average  zenith  emlssivity  (♦  *  0)  of  .?  in 

.  0  -  -C  micron  spectral  region.  Vith  these  assumptions  we  obtain  for 
•;  ■'ouded  cccditicns  at  «  =  0 


m  j.j  oiw/'cn'/ster  (atmosphere). 

If  the  ground  is  at  a  temperature  of  320°K  and  q  »  .75  we  see  from  Fig.  5 
that  at  ♦  «  0,  assianing  no  clouds,  _ 

N,  »  mw/ca^/ster  (ground). 


For  these  conditions  the  detector  will  measure  an  apparent  radiance  cf 
d  mw/om-Zster.  If  this  Region  is  covered  with  dense  clouds  with  an  average 
.-mperu'-ure  of,  say,  iSO'^K  then  the  total  radiance  for  ■  .35  will  be 
c  =rrf/oa-/ster.  The  ic-^est  radiance  '/nlues  that  can  be  ^pected  will  occur 
in  regl*4t»  where  the  ground  temperature  Is  approximately  220'^K  (q:  ■»  .35) 

and  the  atmosphere  is  at  about  the  same  temperature  with  an  average  zenith 
.'micsivltij  of  .3.  For  this  case  the  total  radiance  at  ♦  ■  0  is  abs  it 
1.3  mw/c3-/ster.  If  cloud  cover  is  present  the  total  radiance  figure  will 
not  change  appreciably. 

3*  Re.pton  Three;  3-12  Microns 

The  3-12  micron  bandwidth  is  intended  for  the  oeasurenent  of 
radiation  from  the  earth's  surface  and  clouds.  Since  the  surface  radiation 
that  rei.ch.-3  space  in  this  region  is  almost  the  same  as  that  in  region  two. 
Figures  h  and  5  J^ay  be  used  for  radiatior.  estimates.  For  greater  accuracy 
the  val'oes  sco'wn  in  the  fi-r-ire^  be  r.d'.  'r  10^  for  region  thrc«. 

The  difference  l.n  the  received  radiation  between  that  of  channels  two 
end  three  will  be  a  measure  of  the  contribution  to  the  space  radiation  by 
the  ’unclouded  atmeephere.  The  radiation  received  by  the  unclouded 
atmosphere  in  cha.Tn-;i  three  -rill  be  much  lover  than  that  for  channel  two 
(t  -  30  microns.'.  In  auilticr.  to  the  smaller  bandwidth  of  channel  three  the 
average  ct.jith  emlssivity  :f  the  atmosphere  'n  region  three  is  about  1/3 
that  f.'r  region  t-.o.  ^he  mea-n  ze.nl th  atmospheric  raiiance  for  an  average 
air  temperature  of  170'':<  is  onlp'  0.35  rw/cm^/ster  for  region  three,  which  Is 


l/lO  tliat  for  the  3  -  30  aslcron  region.  The  corresponding  aaxlmun 
radiance  In  this  channel  under  the  same  assumptions  made  for  channel  two 
(ground  temperature  of  320°K,  of  .75>  oo  clouds)  is  4. It  mv/cm^/ster. 


Region  Four;  0.55  -  0.75  Microns 


The  visible  region  is  well  suited  for  determining  cloud  cover  under 
daylight  conditions  since  the  contrast  between  clouds  and  most  surface 
features  is  generally  high.  The  red  end  of  the  visible  spectrum  (.55  -  .75 
ou  rons)  is  a  particularly  good  region  because  there  is  less  scattering 
solar  radiation  by  the  atmosphere  in  this  region  than  i,ue  uiue 
.jiiu  of  the  spectrum  (this  is  the  reason  that  the  slty  appears  blue ) .  A 
little  over  19%  of  all  solar  radiation  is  concentrated  la  region  four. 

Since  the  soltr  constant  is  HO  mw/cm^,  about  27  niw/cm^  enters  the  earth's 
atmosphere  (at  ncrttal  Incidence)  in  this  spectral  region.  For  radiance 
calculations  we  may  use  Eq.  (11)  if  we  replace  the  solar  constant  S  in  that 
equation  by  .193.  Therefore,  for  region  four 


P  cose,  (16) 

where  the  symbols  used  have  the  same  meaning  as  before.  Clouiui  have  s  '’’rge 
range  of  reflectivity  depending  on  cloud  type  and  thickness.  For  thick, 
dense  clouds  with  a  reflectivity  of  .75  the  apparent  radiance  is,  assuming 
a  ■  ♦  «  0,  q^  o  .93; 

•  (8.6)  (.75)  (.93)^  •  5.6  mw/emVster. 

The  reflectivity  of  surface  features  in  region  four  is  approximately 
the  saoM  as  the  aibedo  figures  shown  in  Table  3«  The  lowest  reflectivity 
that  can  be  expected  for  the  darkest  siurface  is  about  .030.  For  q^  ■  .90 
this  yields  an  apparent  zenith  radiance  of 

■  (8.6)  (.030)  (.90)^  ■  O.ii  uw/c^^/ster. 

Actually  this  figure  will  be  higher  because  of  the  radiation  scattered  back 
by  the  atmosphere.  If  we  ‘she  .015  as  *■  reasonable  x'aiu  zenith  "air 
reflectivity'’  then  the  above  'idlnnce  vniu('  ceccraes  0.33  mw/cm^/sT.er.  For 
d  ■  »  B  0,  atmospheric  scatcc  ■ ug  between  cloud  top  heights  and  space  does 
not  contribute  significantly  to  the  value  of  for  clouds.  For  clouds, 
therefore,  the  maximum  to  wtninum  radiance  ratio  that  can  be  expected  in 
region  four  is  17.  This  ratio  will  become  smaller  if  d  and  0  increase. 

For  channel  four  when  the  detector  la  looking  at  snow'covered  regloiu 
the  apparent  radiance  will  be  somewhat  b.jber  tha.n  that  of  thick  dense 
clouds  and  almost  50%  higher  than  e-veregi-  stratus  clouds.  For  >  .90  the 
apparent  sno'w  .  ad  lance  is  5.9  mw/csi-^/ster .  T*  the  contribution  B.-  atnos- 
pherlc  a..attering  is  Included,  '  >r  snow  is  6.0  mw/cm^/ster. 
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,  Tcis  resion  covers  one  of  the  aost  intensive  water  vapor  absorption 
band-!  In  the  eleotro=a.<^etic  spectrua.  Practically  speaking,  no  radiation 
other  then  that  due  to  -•ater  vapor  emission  leaves  the  atmosphere  in  this 
reoicn.  Because  of  the  great  absorptivity,  emission  by  water  vapor  in  this 
tani,  in  the  lover  atmosphere,  is  absorbed  and  reradiated  (at  a  lower  tem¬ 
perature)  by  vater  vapor  in  the  higher  layers  of  the  ataos^erc.  Above  the 
troTu^utuse  there  is  so  little  water  vapor  that  even  b. 3-micron  radiation 
t.  t  ..  'Ugh  vi^nuut  a  great  teal  of  attenuation.  Effectively,  this  radia- 
■  l.'-  .  appear  to  oc.ue  from  ^an  altitude  somevdiat  below  the  tropopause. 
-.ooivc-i  raoiaticn  viil  therefore  be  a  measure  of  the  tropopause 


^0.. 


oetu 
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and  u.; 
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results 
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temperature  varies  from  about  190  K  over  the 
poles,  the  apparent  radiance  in  the  wavelength 
■  microrn  should  vary  from  about  .  01  are,'cn-/ster  to 
tuall:/,  the  tropopause  region  does  not  contain 
er  to  :.mpletcly  absorb  the  b.3-nicroc  radiation 
g  -r.  belo-.:  it.  Although  the  water  vapor 
th  oaereaoi;..:  altitude  below  the  tropopause,  so, 

?t  preoi:!;-  at  the  poles).  The  net  result  is  an 


on  te.opvrature_v;;lch  Is  hi^-.er  than  the  190  -  220''K  range 
from  Indicate  an  effective  radiation  tempera- 

ut__Il':-15;''K,  which  gives  an  apparent  radiance  level  range 
om-,'ster  in  rsgior.  five. 


.s 


oh 


be 


'  the  reoeived  radintier.  comes  from  an  area  which  completely  fills 
eotor's  instantaneous  field  of  view  (ascumsd  to  be  small),  then  the 
oeived  by  the  detector,  ?,  in  a  specified  spectral  region,  can 


■•nere 


u.\  ..  n,. 


2^  • 


(17) 


appac-iT.-.  railunoe  of  the  target  in  the  spectral  region 
instantaneous  a  .Id  angle  field  of  view 
vffcwtive  aperture  area 

iffeotivi  oransmlssioa  of  optical  system  in  the  spectral 
regie  .1  .i'.. 


The  calculated  signal-to-noise  ratio  in  the  spectral  region  4^  is 


(S/H) 


(IS) 


vhere  Pjj  is  the  noise  equivalent  power  cf  the  detector.  If  we  let  V.,  be  the 
RM.'  noise  voltage  at  the  output  of  the  bolcneter  bridge,  then 


(19) 


where  r  is  the  bolcneter  bridge  responsivity.  For  th,  purpose  of  illus¬ 
tration  we  shall  calculate  signal-to-noise  ratios  for  the  satellite  radio¬ 
meter  described  in  Ref.  1  which  employs  thermistor  bolometers  as  detectors. 
For  our  purpose  the  important  radiometer  characteristics  (taken  from  Ref.  1) 
are: 

.  2 

■  .03  cm 

a  m  .009  steradlons 

Vjj  ■  .65  microvolts 

r  •  21  volts/watt 


Channel 

1 

2 

3 

u 

5 

V 

.21 

__:15 

-•SI,- 

_-tl5 

Table  7  lists  the  maximum  value  of  S/N  that  can  be  expected  for  each  channel. 
If  the  system  noise  and  responsivity  are  different  from  that  assumed  above 
^t^  assumed  to  remain  constant)  then  the  s/R  values  given  in  Table  7  should 
be  multiplied  by 


3.1  X  *0  ^ 


3-1  X  10 


where  r  is  measured  in  volts/watt,  V„  in  volts,  and  P„  in  watts. 

ri  At 
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TABLE  7 

MAXPiUM  VALUE  OF  S/n  FOR  BACH  CHAIOIEL 


CHAHKEL 

3Aj!D!:inrH 
(Microns ) 

■1 

1 

s/h  (Max) 

1 

.2  -  5.5 

27 

‘»,500 

2 

8  -  30 

8.0 

300 

3 

8  -  12 

4.4 

120 

4 

.55  -  .75 

6.3 

640 

5 

5.5  -  5.9 

.18 

12 

The  values  for  channel 

1  are  for  a  snow. 

•capped  mountain 

in  ^he  lover  latitudes.  If  the  detector's  field  ox  view  is 
greater  than  the  snov-covered  region  the  S/N  vlU  be  smaller 
than  that  shovn. 


A  stud;/  is  made  of  planetary  radiation  received  by  a  satellite  radio¬ 
meter  looking  at  various  portions  of  the  earth's  surface  and  atmosphere. 
The  received  radiation  Is  divided  into  five  spectral  regions  or  channels, 
iue  wavelengths  and  purpose  of  each  channel  are  given  belov; 


(1) 

0.2  -  5.5 

microns 

U) 

0  -  30 

microns 

(3) 

a  -  12 

microns 

(4) 

0.55  -  0.75 

microns 

(5) 

6.3  ±  10?i 

microns 

(total  albedos  of  the  earth) 
(total  emission  fren  the  earth) 
(surface  and  cloud  emission) 
(cloud  cover) 

(tropopause  temperature) 


In  order  to  intelligently  interpret  the  data  received  by  the  satellite 
radiometer  it  Is  essential  to  understand  the  contributions  made  by  the  sun, 
earth's  surface,  and  atmosphere  in  the  five  spectral  regions  listed  above, 

a.  Sun;  Radiates  essentially  as  a  blackbody  at  5800°k.  Over 

99^  of  the  radiation  reaching  the  earth  lies  in  the  0.2  -  5»5  siicron  spectral 
region. 

b.  Earth's  Surface;  Even  at  310®K  (98i®F)  the  earth'*  surface 
emits  less  then  ’:,i>  of  its  radiati".i  <3  the  cha.in-  ■  nr-  region  \\t.2  -  5.5 
Eiicrons).  Much  less  than  3^  of  the  .adiatlon  in  this  spectral  region 
reaches  space  because  of  absorption  oud  scattering  by  the  atmosphere.  The 
major  portion  of  s’lrface  radiation  which  reaches  space  lies  in  the  channel 
three  region  (5-12  microns). 


0.  Atmosphere ;  Tne  atmosphere  plays  a  dominant  role  in  terrestrial 
radiation  beenuse  of  its  scattering,  reflecting  (clouds),  radiating, 
selective  absorption  properties.  On  the  average,  assvaal^  a  mean  cloud 
cover  of  the  atmosphere  absorbs  17^  ind  reflects  or  scatters  out  about 
11%  of  solar  radiatloa.  Of  the  total  outgoing  plant  .ary  radiation  due  to 
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seLf-emisslos,  84*  <*aaes  traa  the  atmosphere,  the  reisalning  14^  comes 
directly  from  the  earth's  surface,  on  the  average. 


tibe  maximum  and  nin-iiinim  radiance  levels  that  can  he  expected  vlthln 
each  channel  Is  shovn  In  the  table  below. 


CHAIOIEL 


BAM^riPTE 
(Microns ) 


MAX.  RWIABCE 
(nw/cm^/ster) 


Mm.  RADIANCE 
(mv/cm^/ster) 


.2  -  5.5 


27 


0 

1.6 
1.5 
0 

.03 

)r  a  snow-capped  mountain  In 
the  lower  latitudes.  If  the  detector’s  field  of  vlev  Is  greater  than  the 
snow-covered  region,  the  apparent  radiance  as  measured  by  the  detector  will 
be  lower  than  that  shown.  Ibe  minimum  radiance  values  listed  for  channels 
one  and  four  are  for  nl^d^t  conditions  when  the  received  radiation  Is  below 
the  noise  equivalent  power  of  the  detector. 


2 

8-30 

8.0 

3 

8-12 

4.4 

4 

.55  -  .75 

6.0 

5 

5.4  -  6.9 

.18 

The  maximum  radiance 

level  for 

channel  one  li 
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AFFENSIX  1 


OPTICAL  AIR  MASS 

Although  the  term  "optical  air  mass"  originally  referred  to  the  visible 
region, it  is  now  used  for  the  ultraviolet  and  infrared  regions  as  veil.  The 
concept  of  optical  air  mass  was  developed  in  an  attempt  to  quantitatively 
at'^ount  for  the  decrease  in  the  apparent  brightness  of  heavenly  bodies  with 
lnr;reest  in  zenith  angle  under  unclouded  conditions.  If  is  the  zenith 
arnspherlc  transmissivity  (9  =.  0)  at  a  particular  monochroriiitic  wavelength 
-'^•,5-ad  q.  is  the  transmissivity  at  zenith  angle  9,  then  the  optical  air  mass 
m  is  drfined  by  the  equation 


In  practice  q^  and  q^  are  never  measured  using  monochromatic  radiation.*  If 
narrow  enough  bandvldths  are  chosen  the  values  of  q^  and  can  be  closely' 
approximated  for  monochroomLtlc  radiation.  However,  use  of  monochromatic 
values  of  transmissivity  generally  make  radiation  calculations  over  noi..i.b.  u 
bandwldths  very  difficult.  For  simplicity  q^  and  m  are  evaluated  for 
narrow  nonzero  bandwldths.  Vhen  atmospheric  attenuation  is  due  primarily 
to  scattering,  as  is  the  case  throughout  most  of  the  visible,  fairly 
accurate  predictions  can  be  made  using  a  ^  of,  say,  .05^.* 

The  uticorrected  optical  air  mass  m^  (measured  from  sea  level)  is  given 
by  the  simple  expression 

m^  •  sec® . 

This  formula  is  based  on  the  following  assumptions: 

a.  the  earth  is  flat 

h.  there  is  negligible  atmospheric  refraction 

c.  at  any  int*ent  of  time  a""!  atmospheric  ...•tperties 
affecting  transmission  vary  Ith  altitude  only  (not  with  latitude  and 
longitude ) . 

d.  atmospheric  transmission  obeys  Beer's  lav 


*A  monochromatic  wave  has  a  wovtlength  bandwidth  of  zero.  The  amount  of 
radiated  energy  contained  within  a  zero  bandwidth  from  any  real  source 
(lasers  included)  is  precisely  0. 


27 


6 


k  3  extinction  cross  section 
c  »  particle  concentration 
dr  *  elemental  path  length. 

Table  3  lists  tvo  sets  of  values  of  optical  air  mass  for  several  zenith 
'  it'les  based  on  (l)  the  simple  secant  formula  (2)  a  more  complex  formula 
B-^nriorad.  vhich  considers  earth  curvature  and  atmospheric  refraction, 
that  the  diverganee  between  the  two  is  except  for  large  zenith 

•  iicileSi 

TABLE  d 

OPTICAL  AIR  MASS  AS  A  FUtCTlOM  OF  ZiaHTH  AIKJI£^ 


lEUTTH  AIJGIZ 

0° 

6o° 

70° 

80° 

88° 

SECANT  FORtlULA 

1.00 

2.000 

2.92!; 

5.76 

U.47 

28.7 

BIMPORAD 

1.00 

1-995 

2.90I* 

5.60 

10.39 

19.8 

For  both  cases  shewn  it  is  eissumed  that  atmospheric 
particle  concentration  varies  with  altitude  only  and  that 
there  is  no  overcast. 

Under  the  assumptions  stated,  use  of  Bemporad's  values  of  optical  air 
mass  shown  in  Table  3  will  give  a  fairly  aecur&te  relationship  between 
and  for  narrow  bandwldths  in  the  vlsihle  region.  The  accuracy  de¬ 
creases  somewhat  for  the  infrared  region  where  the  predominant  cause  of 
attenuation  is  generally  due  to  absorption  rather  than  to  scattering.  Even 
for  ■  .05,  absorption  of  radiation  in  the  infrared  does  not  follow 
Beer's  law  as  stated  above.  For  moderate  absorber  concentrations  the  error 
involved  in  predicting  will  be  tolerable  in  most  Instances  if  9  is  not 
large.  For  large  values  of  e  the  error  becomes  appreciable. 
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APPENDIX  2 


AVEHACE  TPAKSMISSION  THROUGH  A  PLANETARY  ATMOSPHERE 

In  order  to  slEpllfy  the  problem  of  determining  the  average  ir^issioa 
cf  surface  radiation  (emission)  through  an  atmosphere  in  the  form  of  a 
cpher  j  cal  shelly  we  make  the  following  assumptions : 

a.  scattering  is  negligible 

b.  the  atmospheric  absorption  coefficient  changes  with  altitude 

.  nly 

c.  appreciable  absorption  occurs  only  at  altitudes  which  are  small 
compared  to  the  sphere's  radius. 

d.  the  sphere's  sxarface  radiates  in  accordance  with  lambert's 
cosine  Lav 

e.  the  optical  air  mass  at  zenith  angle  9  is  given  oy 
n,  *  secfi . 

The  surface  radiant  intensity  Jq  in  the  x  direction  (see  Fig.  o)  leav¬ 
ing  the  atmosphere  from  an  elemental  bana  dA  subtending  an  angle  3  at  the 
sphere's  center  is 

W 

djg  -  ^  cose  qg  dA  ,  (20) 


where 


radiant  enissicr.  of  sphere  (power /unit  area) 


atmospheric  transmission  in  the  x  direction  from  elemental 
area  dA. 


The  total  surface  radiant  intensity  to  space  in  the  x  direction  is 
therefore 


,  .  r  r 


«/2 


a.  cos6  dA. 


(21) 


Tii.  i.  Geometry  for  calciUating  average  traasnlssion  of 
a  planetar:'  atmosphere.  The  band  dA  Is  chosen  synaetrlcally 
about  the  x  axis. 


The  avaraje  transmission  of  a  planetary  atmosphere 


can  be  defined  as 


The  denoQinatcr  in  Eq.  (22)  is  the  total  surface  radiant  intensity  to  spdce, 
neglecting  atmospheric  attenuation,  ft’oa  Eqs.  (20),  (22),  and  (23)  we  get 


t"' 

I  3,  cose  dA 

_ 


cose  dA 

0 


(5e) 


The  elemental  area  dA  is  eq-ue.l  to  the  circumference  of  the  band  multiplied 
by  the  width  of  the  band.  Tliereforej 


dA  -  (’«:.•)  (Rde). 

Since  y  *  P  sine  (see  Fig.  6)^ 


(25) 


dA  «  2]tR~  sine  de. 


(2i) 


Substitution  of  this  expression  for  dA  lata  Eq.  (2^)  leads  to 


Siv 


slnd  cose  de. 


(27) 


Prom  assumption  (e)  we  have 


_sece 


(23) 


where  is  the  average  value  of  atmospheric  transmission  for  e  »  0.  If 
we  let  u  «  seed,  and 


where  k  is  a  pareaeter  that  is  independent  of  6,  we  get 


(-■?) 
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r-'iee  yields 


JO 


k)  + 


(30) 


..  The  exponensial  integral  in  Eq.  (30)  is  tabulated  in  many 
Ltejpr&ls.  For  convenience  some  values  of  the  integral  are  shown 


T;.rl£  9 

VALUES  OP  THE  EXPOnETlTIAL  XHTEOIAL 


.10  .20  .30  »35  .^0  .50  .70  1.0  1.5  2.0 

l.SS  1.22  .906  .79^  .702  .560  .37^  .219  .100  .0^9 


7fie  average  zenith  transcission  of  the  earth's  atmosphere  in  the  8-13 
Isron  window,  assuning  no  clou;ls,  is  about  .70  which  is  equivalent  to 
i;  *  .3j.  Therefore, 


q^y  (3-15U)  -  (.70)  (I-.35)  +  (.35)^  (.79^)  -  .55. 


A  blackbody  at  293°K  radiates  3255  of  its  energy  la  the  3-13  ffilcron  region. 
Since  the  ataosphere  is  effectively  opaque  to  293°K  radiation  outside  this 
region,  only  (.55)  (.32)  or  I8f5  of  surface  radiation  is  transaitted  through 
a  cloudless  atmosphere,  on  the  average. 
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APPEDIX  ’ 

SACSLIITE  D2T3CTCK  LOCK  AITGLZ  AKD  ZEinZ'd  ANGLE 

Figure  7  illustrates  the  relstiouship  between  detector  look  angle  and 
zenith  angle.  Atiaospheric  refraction  is  ignored  in  this  it.-.cuss: 


\ 


Fig.  7.  Detector  look  angle  gecmetry.  The  detector  D  at  an 
altitude  b  has  a  look  angle  6*  to  a  point  P  on  the  earth's 
surface.  The  detector  zenith  angle  c  is  measured  frca  the 
nonaal  to  the  surface  at  P.  R  is  the  radius  of  the  ecrth  with 
center  at  0. 


’’sc  of  the  lav  of  sines  in  triangle  OPD  leads  to 


s’-il  (1  + 

^rtjere 

6  m  detector  zenith  angle 
S'  ■  detector  look  angle 
h  ■  detector  altitude 
R  ■  radius  cf  earth. 


(?.l) 


Fig.  0  shows  «  plot  cf  »  as  a  functli-n  of  S'  based  on  Eq.  (.-1)  for  variout 
■letecfor  :-.ltlt  'c*es. 
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APPENDIX  4 


UTEHT  HEAT  TRANSFER  DUE  TO  EVAPQRATIOH 

If  C  is  the  smount  of  he&t  per  unit  area  required  to  evaporate  a  moss 
M  of  water,  then 


wh'^re 


(32) 


L  -  latent  heat  of  vaporization  of  water 
A  >  surface  area  of  the  water. 

L  is  the  amount  of  heat  required,  at  a  given  teiqperature,  to  evaporate  a 
unit  mass  of  water.  The  mass  of  any  substance  of  uniform  density  p  and 
volume  V  is  given  simply  by  the  product  pV.  If  we  visualize  rainfall  as 
being  equally  distributed  over  the  earth's  surface  to  a  hei|^t  b,  then  the 
volume  of  water  is 


V  - 


(33) 


where  P  is  the  riuilua  of  the  earth.  Eq.  (33)  valid  only  if  h  is  very 
small  compared  to  R,  which  is  a  safe  assumption  for  our  case.  Therefore, 


and  Eq.  (32)  becomes 


M  «  4spR^ 
..  4*oLR^ 


(3>) 


ihe  surface  area  of  the  water  is 


A  -  4*  (R  +  h)^  4aR^. 


(36) 


Therefore. 


^  -  pUi-  (37) 

If  it  takes  a  time  t  for  all  the  water  to  evaporate;,  then  the  average  power 
per  unit  area  U  required  over  the  time  interval  t  is 


(38) 
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